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The Advanced Turbine System (ATS) Program sponsored by
the Department of Energy (DOE) has among its objectives the
development of gas turbine-based power systems which reduce
the cost of generating electricity while increasing gas turbine ef-
ficiency and lowering emissions .
One engine cycle under study is the advanced-cycle Humid Air

Turbine (HAT) [1] . The definition and preliminary engineering of
a HAT power cycle based on aeroderivative engine technology
was undertaken by a United Technology Corporation team, Fluor
Daniel, Inc., Texaco, and EPRI in 1991 [2] . This cycle, shown
simplistically in Fig. 1, uses low temperature gas turbine exhaust
heat as well as heat from within the cycle (intercooler and after-
cooler) to supply heated water to a saturator . Here, the compressor
discharge is humidified and then the water-vapor laden air passes
through a recuperator and combustor and then to the turbine . Both
the increased mass flow of the humid air and higher specific en-
thalpy of the mixture provide additional power but require no
additional compression work from the turbine, resulting in effi-
ciency and power output gains .

Several preliminary design studies have been performed on the
HAT cycle [3] . HAT cycles were identified that had over 60 per-
cent efficiency and emissions estimates that met the DOE goals.
These emissions, however, were based on estimates of NO, for-
mation in the presence of water vapor. A series of experimental
and modeling studies, described in the following sections, have
been performed to characterize the effect of humidity on the emis-
sions and combustion stability of HAT cycle configurations .
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An Experimental and Modeling
Study of Humid Air Premixed
Flames
An experimental and modeling study has been performed jointly by UTRC and DOE-
FETC to determine the effect ofhumidity in the combustion air on emissions and stability
limits of gas turbine premixed flames . This study focuses on developing gas turbine
combustor design criteria for the Humid Air Turbine (HAT) cycle. The experiments were
conducted at different moisture levels (0percent, 5 percent, 10 percent, and 15 percent by
mass in the air), at a totalpressure of200 psi, pilot levels (0 percent, 1 percent, 3 percent,
and 5 percent total fuel), and equivalence ratio (0.4 to 0.8 depending on the moisture
levels) . The moisture levels were achieved by injecting steam into dry air well upstream of
thefuel-air premixing nozzle . Computations were madefor comparison to the experiments
using GRIMech 2.11 kinetics and thermodynamic database for modeling theflame chem-
istry. A Perfectly Stirred Reactor (PSR) network code was used to create a network of
PSRs to simulate theflame. Excellent agreement between the measured and modeledNO.,
(5-10 percent) was obtained. Trends ofadded moisture reducing NO, and the effects of
equivalence ratio andpiloting level were wellpredicted. The CO predictions were higher
by about 30-50 percent. The CO discrepancies are attributed to inprobe oxidation. The
agreement between the data and model predictions over a wide range of conditions
indicate the consistency and reliability ofthe measured data and usefulness of the mod-
eling approach. An analysis of NOx formation revealed that at constant equilibrium
temperature, Teq , the presence of steam leads to lower 0-atom concentration which
reduces "Zeldovich and NZO" NO, while higher OH-atom concentration reduces
"Fenimore" NOx . [S0742-4795(00)00703-1]

Several studies have been undertaken to understand the influ-
ence of moisture in air on NO., and CO emissions. Dryer [4),
Miyauchi et al. [5], Touchton [6], Blevins and Roby [7], and
Meyer and Grienche [8) have all investigated the influence of
moisture on emissions under different operating conditions . Most
of these studies have dealt with diffusion flames . In diffusion
flames, it was concluded that almost all of the NO,, reduction took
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Aschematic of the HATcycle
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place due to a reduction in the flame temperature. In a diffusion
flame, where the overall equivalence ratio may be as low as 0.4-
0.5 the high temperature stoichiometric regions are the primary
source of NO, Moisture reduces the peak temperatures which
brings about a drastic reduction in NO, emissions. Not much work
has been carried out for premixed systems, required to meet low
emissions regulation . Moisture addition into the air reduces NO,
emissions even in premixed systems. Initial investigation of pre-
mixed systems revealed several different pathways, which may
account for the drastic reduction in NO, emissions when moisture
is increased. Some of the possible routes include:

" Reduction in equilibrium temperature (Teq).
" Reduction of peak temperature of pilot diffusion flames.
" Equivalence ratio change . (In humid air flames for constant

Teq, as the moisture level increases, the equivalence ratio must
increase resulting in a lower O-atom concentration .)

" Dilution effect . (In humid air flames for constant Teq , as the
moisture level increases, the O-atom and N2 mole fraction ratios
decrease .)

" O-atom suppression . (Presence of moisture promotes the re-
action O+H20-OOH+OH, leading to O-atom suppression reduc-
ing NO., through the "Zeldovich and N20pathways .")

" Heat release rate reduction lowering peak temperatures and
super-equilibrium O-atom .

Experiments
Experiments were conducted in the Low Emissions Combustor

Test and Research (LECTR) facility at the U.S . Department of
Energy's Federal Energy Technology Center . The LECTR facil-
ity, Fig. 2, is a refractory lined pressure vessel containing test
modules configured to meet specific test requirements . The-facil-
ity was designed for pressurized operations up to 450 psig with
access io a preheated (1000°F max) air supply capable of deliv-
ering up to 3.2 pps of air.

In the present test configuration, superheated steam was added
to the preheated combustion air and then injected into an inlet
plenum . The flow was straightened through a series of perforated
metal plates and passed through the test nozzle where it was
mixed with the primary fuel supply. Two diffusion flame pilot
fuel streams were also employed . A side-wall pilot fuel flow was
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A schematic of the experimental setup
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injected through the wall of the combustor approximately one half
inch above the tip of the nozzle . In addition, center-body pilot fuel
was injected along the centerline of the nozzle . Combustion prod-
ucts passed upward across an area-averaged sample probe which
spanned the combustor diameter . The flow continued upward into
a plenum where it turned 90 deg before entering a water quench
zone where the gas temperature was reduced prior to passing
through a pressure control valve and out an exhaust stack .

Experiments were conducted to evaluate the emissions perfor-
mance as a function of firing conditions for a two square inch
effective flow area scaled version of the tangential entry fuel
nozzle . Larger scale versions of the nozzle have been reported in
the literature [9]. The two square inch effective area nozzle tests
were conducted at 200 psi at an air flow of 2.2 pps and a com-
bustor insert diameter of 4 .25 in .

Test parameters examined included percentage of total fuel
flow as side-wall pilot (0, l, or 5 percent), percentage of total fuel
flow as center-body pilot (0, 1, 3, or 5 percent), percentage of
steam relative to combustion air (0, 5, 10, 15, or 20 percent) and
air/steam mixture temperature (varied from 935 to 725°F depend-
ing on steam loading and air preheat) . All percentages were taken
as mass percent. All fuel, air and steam flows were measured
using precision orifice runs with flow control valves tied to an
automated control system . Excellent mass balance closure (typi-
cally within 1 to 2 percent) was observed when comparing input
flow measurements with measured combustion product
compositions .

Experiments were performed by establishing the required air
and steam flows for a given test condition . The side-wall, center-
body and main fuel flows were then set based on a prescribed
equivalence ratio. The nozzle was held at the above condition for
a period of 10 to 15 min to establish a steady baseline. The three
fuel streams were then simultaneously ramped to lower flows
(leaner conditions) keeping their relative ratios constant while the
air and steam flows remained fixed. Fuel ramp rates were estab-
lished based on the gas sample system response time and typically
involved reducing fuel flow approximately 30 percent during a
one-hour ramp . The starting equivalence ratios for these tests were
selected based on previous experience with the test nozzle to give
a starting CO emission level of 50 ppm or greater . As the fuel was
ramped to leaner conditions, CO emissions passed through a mini-
mum and rose rapidly as the lean blow-off limit was approached.
Fuel ramps were discontinued when CO levels exceeded 200 ppm.
As steam loading in the combustion air was increased the starting
equivalence ratio was increased as well to stay on the rich side of
the CO minimum.
Gas samples were obtained using water cooled rake probes de-

signed to extract representative gas samples across the area of the
combustor. The sample probe was located approximately 15 in
above the nozzle tip . Extracted gas samples were transported
through heated transfer lines to a pressure let-down station fol-
lowed by a chiller to remove water. The dried sample gas was
then passed through an analyzer train configured to measure 02,
C02 , CO, total NO, and Unburned Hydrocarbons .

Modeling
Experimental data covered a wide range of equivalence ratios

and humidity levels . The fuel concentration in the pilots was also
varied from 0 percent to 5 percent fuel in the pilot to determine
the optimum level of side pilot required to keep NO, emissions
low, but provide enough stability to the lean flame. Some of the
observations made from the experiments were as follows:
For dry flames at constant Teq

" NO,, emissions increase with increasing fuel in the pilot while
CO emissions show no dependence on pilot level

For humid air experiments:
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Aschematic of the PSR reactor network used to model the flame

" NO., and CO levels decrease with increase in the humidity
levels

" similar effect of pilot levels as in dry flames
The experiments were modeled using a literature reaction set,

GRI Mech2.11 (Bowman et al . [10]) and its accompanying ther-
mochemistry . GRI Mech2.11 reaction set consists of 49 species
and 277 reactions and has been validated over a wide range of
pressure and equivalence ratios . A PSR Network code developed
at UTRC was used to simulate the combustor. The basis for the
Network PSR code is the Chemkin PSRmodel [11] . The Network
used to model the experiment is shown in Fig. 3. The network was
designed to simulate the mixing and flow characteristics of the
experiment, as closely as - possible . A total of 15 reactors were
used to represent the combustor. The number 15 was arbitrarily
chosen to simulate the process in a reasonable manner without a
high computational burden . The combined volume of the 15 reac-
tors gave a residence time equal to the experimental residence
time in the equipment. A small amount of fuel and air mixture
was introduced in the first reactor . This represented the central
pilot. The products of reactor 1 along with most of the fuel (75 to
79 percent) and air (80 to 90 percent) were introduced in reactor
2. Twenty percent of the fuel along with 10 percent of air enters
the system through reactor 3. The combination of reactors 2 and 3
represent the inhomogeneity that may be present due to less than
perfect mixing . Reactors 2 and 3 represent the flame zone . The
side pilot was simulated by flowing 0-5 percent of the fuel
through reactors 4 and 5. Providing recycle between reactors 2
and 4 simulated recirculation . The rest of the reactors (6 to 15)
represent the post-flame zone . NO, is primarily formed in reactors
2 and 3 while the rest of the reactors, 4 to 15, are for mixing of the
side and central pilots with the flame and for CO burnout. In this
manner the network was designed to match experimental NO., and
CO . Residence time varied with flow rates as air was fixed while
the fuel flow rate was changed in order to achieve the required
equivalence ratio . Residence time in each reactor was a function
of the flow rate through the reactor and reactor volume. The resi-
dence time in all the reactors combined was between 4.5 and 6
ms . The flame zone (reactor 2 and 3) accounted for most of the
residence time (nearly 60 percent) . The network structure re-
mained the same for all conditions but minor alterations for fuel/
air distribution had to be done from one case to another to stabi-
lize the network and to simulate the flow characteristics. For
example, with very fuel lean conditions or for cases with 10-15
percent moisture, fuel in the first reactor had to be increased to
stabilize the network. With different fuel flows across the pilot,
fuel and/or air distribution in reactor 2 and 3 had to be slightly
modified .

Solutions were compared with experiments on the basis of
combustor exit temperature which is equal to Te9 based on local
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equivalence ratio . The combustor exit temperature in general is
different from the local temperature in the PSR as the local tem-
perature can be kinetically limited .

Results and Discussion
Numerous experiments were performed to ascertain the effect

of moisture, equivalence ratio, and inlet temperature on the
amount of NO, and CO formed . The effect of pilot level (0, 1, 3,
5 percent fuel) and moisture level (0, 5, 10, 15 percent water in
the air by mass) on NO, and CO emissions can be seen in Figs . 4
to 7.

'

	

As seen in Fig. 4, higher side pilot levels lead to higher NO. .
The effect is more pronounced at very lean conditions . This result
agrees well with the findings of Leonard and Stegmaier [12], and
Maghon et al . [13] . Further analysis of the NO,, formed at differ-
ent pilot levels in this study indicated that with one percent in-
crease in the fuel injected through the side pilot, NO, emissions
go up by 1 .5±0.2ppm. This increase is less than the increase
observed by Maghon et al . [13] . CO emissions remain more or
less unaffected by the pilot level, as observed in Fig. 5. The effect
of moisture level in the air is seen in Figs . 6 and 7. NO, and CO
emissions show a significant drop with increasing amounts of
moisture in the air stream . Much of the reduction shown in these
figures can be attributed to a reduction in flame temperatures at
constant 0, with increasing moisture . As will be shown later, even
at constant flame temperature, NO, and CO is reduced with in-
creasing moisture levels .

E

Cz

Fig. 4 Comparison between measured NO, and computed
NO, at 200 psi at different pilot levels
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Comparison between measured CO and computed CO
at 200 psi at different pilot levels
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Fig. 6 Comparison between measured and computed NOX for
a 5 percent side pilot flame at 200 psi for different steam
loading

Fig. 7

	

Comparison between measured and computed CO for a
5 percent side pilot flame at 200 psi for different steam loading

Simulations examined the influence of pilot and humidity level
consistent with the experiments. Figs . 4 and 5 show the compari-
son between the experiments and modeling as piloting level var-
ies . NO, predictions are very good but the predictions for CO are
off by as much as 50 percent. This trend was observed in all
simulations . The CO ,predictions were close to the equilibrium
levels and are highly sensitive to the mixture (air and fuel) tem-
perature . A small (-50°F) discrepancy in the measured air-fuel
temperature can account for the difference in the measured and

computed CO. Alternatively, the sample probe's impact on the
equilibrating CO which is still undergoing reaction may explain
the lower experimental values . Small levels of additional CO de-
struction in the probe could also explain the discrepancy . A study
of the probe effect on CO measurements has been presented by
Nguyen et al . [14] . Nguyen et al . measured CO in an atmospheric
pressure flame using line-of-sight tunable diode laser absorption
and extractive probe sampling and compared it with CO predic-
tion using a numerical model. They found that the measurements
made with extractive sampling technique were as much as 10
times less than the laser-based experiments for fuel-lean flames
whereas for fuel-rich flames the agreement between the two tech-
niques was good.
The same network design developed for the dry air cases was

extended to humid air cases. Shown in Figs. 6 and 7 are the
comparison for NO, and CO mole fraction measured in the flame
and simulated by the network. Higher humidity brings about a
drastic reduction in the formation of NO. . As the amount of
moisture increases, the lean blowout limit moves to higher equiva-
lence ratios consistent with the shift seen in Figs . 6 and 7. For a
dry air flame at Ta;r=860°F and at P=200psi, the boundary be-
tween equilibrium CO and the onset of lean blow out dynamics
occurs at an equivalence ratio of 0.41 . This boundary shifts as
more moisture is introduced. It goes up to 0.55 for S percent
moisture and to 0.65 for 15 percent moisture in the air stream. The
network PSR is able to capture the behavior of the NO, concen-
trations to within 5-10 percent of the measurements, further cor-
roborating the modeling approach. CO predictions are higher
(20-40 percent) than the measurements . This effect was similar to
the one seen in the piloting data .
As seen in Fig. 7, flame stability limits move to higher equiva-

lence ratios as moistures content increases . Moisture in the air
reduces flame temperatures . Flames with different humidity levels
have different temperatures for the same equivalence ratio. For
example, a 0.54 equivalence ratio flame with no steam has the
same Tay as a flame with 15 percent steam in the air at an equiva-
lence ratio of 0.75. Another method, therefore, of comparing
flames is to compare NO, and CO emissions formed in flames at
different moisture levels as a function of Te9 . The computations
of Tay were carried out using equilibrium code called STANJAN,
developed by Reynolds [15] and modified by Kee and Lutz [16) .
The computation included 49 species . The GRI 2.11 thermody-
namic database was used for these computations . The tempera-
tures in Figs . 8 and 9 (and also Figs. 10 and 11) are the Tay for the
entire fuel-air mixture in the combustor. Actual flame tempera-
tures in the experiment are distributed and somewhat lower due to
heat losses to the burner and surrounding air in the chamber.
Figures 8 and 9 indicate the dependence of NO, and CO on Tay .
As seen in Fig. 8, calculations and measurements indicate that a
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Fig. 8 Comparison between measured and computed NO, for
a 5 percent side pilot flame at 200 psi for different steam
loading
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Comparison between measured and computed CO for a
5 percent side pilot flame at 200 psi for different steam loading

dry air flame at 0=0.54 would have a Tey of 2950°F and NO.,
emissions of around 15 ppm. At the same time, a flame with
humid air (15 percent steam content) at ¢=0.75 has the same Teq
of 2950°F, but its NO, emissions are only 3 ppm. This means that
besides reducing NO formation in flames by reducing the flame
temperature [6,7], humidity also reduces NO by some other
mechanism. This reduction can be due to the change in the radical
pool because of varying amounts of moisture and different
equivalence ratios at the same temperature, or due to any of the
other factors mentioned in the introduction . The flame at 0.54
equivalence ratio (dry air) is richer in O-atom than a humid air
flame (t5 percent steam) at 0.75 equivalence ratio, even though
both flames are at the same Teq . One of the other possibilities
which can account for the drastic reduction in NO., is the tempera-
ture attained in each of the PSR's in the network. As mentioned in
the introduction, moisture in the feed stream can slow heat trans-
fer rates, and, hence, a different moisture content can lead to a
different maximum temperature (residence time in the different

J
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Fig. 10

	

Influence of different pathways on NO, formation for a
flame with a 0 percent side pilot and (a) 0 percent steam and (b)
15 percent steam. Calculations with one psr also shown for
comparison purposes.
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Influence of different pathways on NOX formation for a
flame stabilized by a 5 percent side pilot and (a) 0 percent and
(b) 15 percent steam. Calculations with one psr also shown for
comparison purposes .

PSR's is fixed) attained in PSR 2 and PSR 3 of the network,
which account for most of the NO., formed . An analysis of the
temperatures attained in the different PSR's in the network, for
flames with different moisture content but at the same Teq , indi-
cated that moisture content does not alter the temperature attained
in each of the reactors . Hence, a reduction in NQ, concentration
with increased moisture content is not due to lowering of peak
temperatures in the reactors . CO emission levels at one Teq do not
vary with humidity, as seen in Fig. 9.
To determine the roles of various mechanisms on the produc-

tion of NO, several modifications were made to the reaction set.
NO, formation reactions were divided into three different but
coupled groups as follows:

1 "Zeldovich or thermal NO, Mechanism" [17] as extended
by Bowman and Seery [18] . NO, in Zeldovich or thermal NO,
mechanism is initiated by the reaction of N2 with O. This well
known three-step reaction sequence is the dominant NO., forming
route at temperatures above 2950°F . Zeldovich or thermal NO,

main steps influencing this reaction sequence are
-N 2+CH=HCN+N, N2+CH2=HCN+NH, and other reactions
involving N2 and hydrocarbon radicals . This extensive sequence
was suppressed by inhibiting the forward rates for reactions be-
tween hydrocarbon fragments and molecular nitrogen.

The NO, formation rates of each of these reaction sequences
can be enhanced through super-equilibrium levels of O-atoms and
other radical species in the flame front.
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mechanism was suppressed by making the reaction
N+NO--~N 2+0 proceed in the forward direction only.
2 "N20 Mechanism" consisting of reactions involving 120

which form NO . NO,, formed via this mechanism can be effec-
0 tively suppressed by making the N20(+M)-+N2+0(+M) pro-

ceed in the forward direction only .
_ 10 3 The third mechanism responsible for NO, formation is4
0 "Fenimore NO" [19) . All NO, forming reactions, beside the
z "Zeldovich and N20" pathways, are included in this route. The



To study the contribution of each pathway, the other two chan-
nels were suppressed . Hence, in order to analyze the importance
of -Zeldovich Mechanism," NO, formation via "Fenimore and
N20 Mechanisms" was removed. Similar computations were per-
formed to evaluate the importance of "Fenimore and N20Mecha-
nisms." The analysis was carried out for 0 percent and 5 percent
pilot levels at 0 percent and 15 percent moisture loading . Figures
10 and 11 show the contributions of the different mechanisms for
the four cases . Also shown in the figures is the NO, computed
with a single PSR. The differences between these calculations and
those of the network analysis indicates the effect of mixing in the
combustion chamber and circulation on NO, formation and finite
reaction times required to approach T,, . The NO, prediction for
the I PSR case is higher than the Network PSR, primarily due to
residence time distribution . In the Network, reactors 2 and 3 are
the reactors primarily responsible for making NO, and CO . In
order to simulate the experiments with the network, reactor vol-
ume (which determines the residence time in the reactor) was used
as one of the adjustable parameters . Once established for one case,
the volumes were not changed for any of the other cases . Hence,
by keeping the residence time low, one may inhibit NO., genera-
tion . On the other hand, in the case of 1 PSR, the residence time
was not a variable and was the same as the whole of the network
combined .
-Zeldovich NO,,- dominated the other NO, formation chan-

nels in the temperature range studied, except for the 0 percent side
pilot flame for dry air . For this case, seen in Fig. 10(a), "N20
Pathway" dominates the -Zeldovich Pathway" in the lean oper-
ating range (2800 to 2900°F). This is the range in which most of
the industrial gas-turbines operate.

Figure 10 shows the behavior of NO, formed at two moisture
levels, 0 and 15 percent, for flames with 0 percent fuel coming in
from the side pilot . As seen in the figure, at temperatures around
2950°F, NO, formed by the N20 pathway is comparable to the
"Zeldovich or thermal" NO,, but at temperatures around
3050°F, "Zeldovich" NO, starts increasing much more rapidly
and becomes the dominant NO, formation channel. Comparing
the NO_, formed in the flames with and without moisture, it can be
seen that at the same temperature, NO, formed in the cases with
15 percent moisture is much less than the NO, formed in dry air
flames. At temperatures around 2800°F the decrease is close to a
factor of 8 while at higher temperatures it is around a factor of 3 .
These calculations indicate that NO, formed decreases in flames
with added moisture as compared to dry flames even when the Teq
for the two flames is the same . This suggests that all the reduction
in NO, cannot be attributed to thermal effects (as defined by Teq).

The decrease in the "Zeldovich and N20" NO., can be attrib-
uted to the reduction in O atom concentration. As mentioned ear-
lier in the paper, at the same equivalence ratio, the high humidity
flames are of lower temperatures than dry flames . Hence, in order
to evaluate the different flames at the same temperature, high
humidity flames had to be at a higher equivalence ratio than dry
flames . Scarcity of 02, and, hence, lower O atom in the higher
equivalence ratio humid flames would lead to lower NO., forma-
tion by the -Zeldovich and N20 Mechanism." Humidity pro-
motes O+1120 reaction, and, hence, suppresses O-atom concen-
tration . A reduction in the "Fenimore" NO., can be attributed to
the change in the OH radical concentration in the flame. Higher
OH concentration in humid air flames promotes oxidation of the
hydrocarbon radicals [5], which would reduce "Fenimore" NO .
Similar behavior was seen in the 5 percent side pilot flame too
(Fig . 11). Due to the side pilot, NO, levels were higher than the
flame with no side pilot. The increase in NOx for the flame with 5
percent fuel coming in from the side pilot was more predominant
at the lower temperatures and was mostly due to higher Fenimore
NO at the lean conditions (especially for the dry flame) .
The factors mentioned in the introduction were also considered.

There is definitely some reduction in NO, due to lowering of
temperature . Reduction of the peak temperature of the side pilot
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